oxygen consumption (VO 2 peak: the peak value for oxygen consumption by an individual during a period of exercise) and anaerobic threshold (AT: the point at which, during increasing work, the aerobic metabolism of an individual is supplemented by the anaerobic metabolism to produce cellular energy 6 ). Although exercise training is well known to improve CRF in a variety of healthy and clinical cohorts, 7 and therefore has the potential to move people away from these "at-risk" thresholds, it is not yet known whether this can be achieved by CRC patients within the maximum 31-day target time frame available in the UK between decision to treat and operation. 8 Several studies have shown pre-operative improvements in other aspects of physical function (typically walking capacity) 2, 9 with exercise training, but reports of changes in CPET parameters are rare. 10 This study differs from previous work in this area by using objective CPET measures before and after high-intensity interval training (HIIT) to explore the feasibility and efficacy of this intervention. Previous pre-operative CRC studies have tended to favor multimodal prehabilitation, including aspects of resistance and endurance training, dietary supplementation, and psychological support, but this approach has not been effective in improving pre-operative fitness, nor improving clinical outcomes. 2, 9, 11 In addition, these studies have trained patients for up to 6 weeks, 3, [9] [10] [11] [12] making any observed improvements difficult to translate into clinical practice in the UK due to the aforementioned target time frame. 8 Many other countries are free of the UK NHS time constraints for treatment of cancer; however, management of malignant disease in all countries must be expedited to ensure best outcomes for patients. Therefore, pre-operative exercise programs must be effective in a short time frame. High-intensity interval training (HIIT) is generally characterized as brief bouts of intense effort interspersed with rest or active recovery. 13 To date, the term "HIIT" has been applied to a wide range of exercise protocols with varying rest and "recovery" profiles, but is most commonly used to describe brief (45 seconds to 2 minutes) episodes of high but not maximal intensity exercise interspersed with rest or activity recovery. This can be compared to sprint interval training (SIT) where maximal, "all-out" intervals feature. These types of interval-based training regimes have long been used to train athletic populations 14 and have more recently been applied to clinical populations in an attempt to improve various aspects of health. 15, 16 In clinical populations, reduced-intensity HIIT protocols are commonly used as a substitute for the extremely demanding traditional Wingate (SIT-type) protocols 17 ; these modified protocols continue to show significant improvements in physiological parameters associated with health, despite lower exercise loads. 18 When considering NHS cancer waiting-time targets, a distinct benefit of HIIT is the rapidity of improvements in fitness compared to endurance exercise training. 19 For example, in just 28 days, 5 × 1-minute HIIT has been shown to improve VO 2 peak by an average of 2.3 mL/kg/min in a healthy volunteer group age-matched to colorectal cancer patients. 20 A 1.5 mL/kg/min increase in AT has been reported as clinically relevant in patients waiting for surgery, with improvements of this magnitude shown to move one third of pre-operative cancer patients from high perioperative risk to a lower risk group. 21 A further marked benefit of HIIT is the time efficiency (per session) in establishing improvements in fitness.
One of the most commonly stated barriers to exercise is "lack of time", 22, 23 which is likely to be especially true in pre-operative patients who are trying to attend to many aspects of their social, professional, and personal lives prior to the hiatus imposed by surgery. In summary, there is a substantial evidence base that (a) patients with higher CRF do better after surgery, (b) HIIT can elicit rapid improvements in CRF, and (c) our specific HIIT protocol has been shown to be effective in a healthy older population age-matched to those most commonly presenting for CRC surgery. Therefore, the aim of this study was to test the effectiveness of a specific HIIT protocol for improving CRF in pre-operative CRC patients within the UK 31-day cancer treatment waiting-time target.
| METHODS
This was a prospective, cohort, intervention study designed to test the feasibility and effectiveness of our particular HIIT intervention in a specific patient group and associated time frame. Ethical approval for this study was obtained from NRES, East Midlands (14/EM/1131). The study was registered with clinicaltrials.gov (NCT02188342), and all study procedures complied with the 1983 Declaration of Helsinki.
| Patient recruitment
Twenty-four patients were recruited from a single-center CRC multidisciplinary team meeting (MDT) over a 13-month period. All patients with CRC who were: (a) recommended surgery without neoadjuvant treatment, (b) able to give informed consent, and (c) between 18 and 98 years of age, were identified as potential study participants and as such had the study introduced to them at their first outpatient clinic following MDT. Patients then received a phone call to determine whether they were interested in study participation, and if so, were invited for a screening visit. This screening visit involved the following: (a) obtaining full written informed consent, (b) documenting past medical history, (c) a cardiorespiratory clinical examination, (d) resting blood pressure measurements, and (e) an electrocardiogram (ECG).
The only exclusion criteria for this study were those for clinical safety as recommended by the American Thoracic Society CPET Guidelines, 24 and inability to give informed consent. All study visits (including HIIT sessions) took place at the University of Nottingham Royal Derby Hospital Centre. Inclusion in the study did not affect the patients' clinical pathway in that surgery was not delayed to accommodate the study and all clinical management was in line with normal standards of care.
| Study visits
The first study visit (after screening) was a baseline assessment session which consisted of demographic data collection, cardiovascular measurements (resting blood pressure and heart rate), and a CPET. The CPET protocol was identical to that previously used by our research group. 20 In brief,
CPET was performed on a Lode Corival cycle ergometer (Lode Corival, Lode) with in-line gas analysis system (ZAN 680, nSpire Health), using a standard 15-30 W per minute ramp protocol based on participants' (self-reported) pre-test fitness, gender, age, and height. Following a 2-minute period of unloaded cycling, participants were instructed to maintain a cadence of 50-60 revolutions per minute (rpm) and were verbally encouraged to exercise to >85% of age-predicted maximal heart rate and to a respiratory exchange ratio (VCO 2 / VO 2 ) above 1.0. The test was deemed complete when the participant indicated that they had reached volitional exhaustion. During all CPET assessments, participants were monitored with a 12-lead ECG, non-invasive blood pressure monitoring, and pulse oximetry. All sessions were supervised by an advanced life support-trained clinician with termination criteria taken from the American Thoracic Society/American College of Chest Physicians Statement on CPET. 24 Forty-eight to seventy-two hours prior to surgery (and ~48 hours after the final HIIT session), all patients completed a post-HIIT assessment visit where all baseline measurements were repeated.
| High-intensity interval training
Following the baseline assessment session, patients attended for a minimum of six HIIT sessions, between 3 and 4 times each week, before surgery. HIIT sessions were performed on a stationary cycle ergometer (Lode Corival, Lode) with 5 × 1-minute high-intensity intervals interspersed with 90-second (unloaded) active recovery. The intensity of the intervals was set between 100% and 120% of the maximum wattage achieved during baseline CPET, determined by a HIIT assessment session. Details of this assessment session are as previously published. 25 Each HIIT session was preceded by a 2-minute unloaded warm-up and finished with a 3.5-minute unloaded monitoring period.
| Statistical analysis
An a priori power calculation, based on our previous research, 20 suggested that 18 patients would be needed to detect a mean clinically significant change in VO 2 peak of 2 mL/kg/ min 21 with 80% power and significance at the 5% level. We therefore aimed to recruit 22 individuals in order to achieve 18 complete data sets based on an assumed dropout rate of 20% (in keeping with our previous studies). The D'Agostino and Pearson omnibus test was used to confirm normal distribution of the data. Normal data are expressed as mean ± standard deviation (SD), and nonparametric data as median ± interquartile range (IQR). Paired Student's t tests (two-tailed) were used to test parametric data, and the Wilcoxon matched-pairs signed-rank test was used for nonparametric data. Pearson's correlation analysis was used to explore the relationship between changes in VO 2 peak and number of HIIT sessions or baseline fitness. GraphPad Prism 7 was used for data analysis with level of significance set at P < 0.05.
| RESULTS

| Patient characteristics
One hundred and fifty-seven patients were approached to take part in the study over a 13-month period (Figure 1) . Twenty-four patients completed the screening process, at which two were excluded from the study due to knee pain which prevented cycling and undiagnosed hypertension, respectively. Three patients were withdrawn after screening as earlier opportunities to operate were found, leaving them without enough time to complete the minimum six HIIT sessions. One patient did not attend for their post-HIIT reassessment visit. Eighteen patients completed the whole study protocol (Table 1) . 
| Cardiorespiratory fitness (CRF)
There was no significant change in absolute VO 2 peak, VO 2 peak relative to body weight, or AT (absolute or relative) after HIIT (Table 2) . A numerical improvement in VO 2 peak was seen in 9 of 18 patients, with 6 of these patients improving by >2 mL/kg/min or more, a previously stated value for a clinically relevant improvement, 21 after HIIT (Figure 2 ).
Although there was variation in the number of HIIT sessions completed by each patient due to factors out with our control (eg, revision of operation date and available time compressed to <31 days to meet the 62-day general practitioner referral to first treatment cancer target In addition to values obtained at volitional exhaustion (ie, the end of the CPET), submaximal heart rate and O 2 pulse were also assessed at 25% and 50% wattage of the baseline CPET. Heart rate was significantly lower at all intensities during the reassessment CPET, but this was not reflected in the O 2 pulse measurements where no significant changes were observed after HIIT (Table 3) .
| Exercise performance
Despite a lack of improvement in CRF parameters after HIIT, there was a significant increase in CPET time to failure (752 ± 93 vs 789 ± 99 seconds, P = 0.02) and correspondingly CPET maximum wattage (142 ± 50 W vs 150 ± 49 W, P = 0.007) (Figure 3 ).
| Cardiovascular parameters
Resting systolic blood pressure was significantly reduced after HIIT (Table 4) , although no changes in diastolic blood pressure or mean arterial pressure were observed.
| DISCUSSION
This study demonstrates that it is not feasible to increase the CRF of pre-operative CRC patients in a pragmatic, realworld setting within UK NHS cancer waiting times using our specific 5 × 1-minute HIIT protocol.
Despite not being able to improve CRF, our HIIT protocol did lead to a significant reduction in resting systolic blood T A B L E 2 Cardiorespiratory fitness parameters (peak oxygen consumption (VO 2 peak) and anaerobic threshold (AT)) as determined by cardiopulmonary exercise testing (CPET) in pre-operative colorectal cancer patients (N = 18) before (baseline) and after (reassessment) high-intensity interval training F I G U R E 2 Individual changes in peak oxygen consumption (VO 2 peak) in colorectal cancer patients (n = 18) after high-intensity interval training pressure, an important physiological parameter which is independently associated with reduced overall mortality, coronary events, and stroke in older individuals. 27 In addition, our CRC patients displayed improved exercise efficiency (a lower heart rate for matched power outputs) and exercise performance (maximum wattage and time to failure during CPET) after HIIT. This improvement in energy efficiency in response to a physiological demand may prove important when patients need to meet the increased energy demands of the perioperative phase. 28 It must also be acknowledged that there may be other benefits of this pre-operative exercise that were not measured during this study such as improved healthrelated quality of life. This has been shown with many exercise strategies in cancer patients during active treatment. 29 Although the underlying mechanisms affecting the magnitude of gains in CRF in these patients are not known, propositions based on previous findings can be made. Firstly, previous work in CRC patients has shown that AT significantly improves after resection of the cancer without a change in lean muscle mass or self-reported physical activity. 30 This suggests that physiological factors associated with the presence of a cancer (such as inflammation 31 and impaired mitochondrial function 32 ) may lead to a blunting of the expected adaptive responses to exercise training while the cancer remains in situ. This notion is supported by additional work in both rodent and human studies. In pre-clinical, rodent work, it has been shown that the increased inflammatory load associated with cancer significantly decreases muscle oxidative capacity and mitochondrial dynamics, 33 potentially decreasing adaptive responses to exercise. 18 In humans, rates of muscle protein synthesis (MPS) in response to the anabolic stimulus of feeding are blunted in CRC patients while the cancer is in situ, but restored upon resection. 32 Given that feeding and muscle contraction are well established as the two most potent anabolic stimuli for MPS 34 and that an exercise × nutrition interaction is required for exercise to act as a positive anabolic stimulus to achieve muscle hypertrophy, the known anabolic blunting to nutrition in the myofibrillar muscle fraction caused by a tumor burden may well extend to anabolic blunting to exercise in both myofibrillar and mitochondrial subfractions, supporting the notion that a cancer in situ has the potential to cause disruption of adaptive metabolic pathways. An additional concept to consider is that of exercise responder status. It is emerging from the literature that large interindividual heterogeneity in adaptation exists for almost all forms of exercise training, whereby some people respond much less well to exercise interventions than the mean. 35, 36 Indeed, for a range of exercise training modalities and different primary endpoints (eg, VO 2 max or insulin sensitivity for aerobic exercise training and muscle hypertrophy for resistance exercise training) it has been shown that ~20% do not show numerical improvement. 37 This phenomenon has also been observed for HIIT, with a similar rate of "non-responders" for gains in CRF. 25 However, in this study 50%
of individuals demonstrated no numerical improvement in 
T A B L E 3 Maximal and submaximal
heart rate (HR) and O 2 pulse values at set percentages of maximum wattage from the baseline cardiopulmonary exercise test (CPET) in pre-operative colorectal cancer patients (N = 18) before (baseline) and after (reassessment) high-intensity interval training
F I G U R E 3 Cardiopulmonary exercise testing (CPET) time to
failure and wattage at failure before (baseline) and after (reassessment) high-intensity interval training in pre-operative colorectal cancer patients (N = 18). Analysis was performed by paired Student's t test; *P < 0.05, **P < 0.01 indices of CRF, almost double that observed in healthy volunteer studies. 25 However, perhaps a better comparison lies with other exercise training studies in pre-operative cancer patients who report a similar non-response rate of 50%, 38 perhaps suggestive of an intrinsic physiological mechanism limiting adaptive potential in these individuals while the cancer is in situ. Another proposition is related to the known link between physical activity and cancer. Given that physical inactivity is an independent risk factor for many cancers 39, 40 and it is likely that those who experience positive exercise training gains are more likely to adhere to exercise, our (and others) CRC patient group may have a higher proportion of exercise "non-responders" than a healthy volunteer cohort, as their inability to make exercise training gains discouraged lifelong exercise and therefore increased their cancer risk. Our negative finding may be indicative that there is just not enough time in a real-world setting, constrained by government-based waiting-time targets, for our specific exercise protocol to elicit improvements in CRF in this situation. In this study, a mean of eight HIIT sessions was completed in an average of 19 days. Due to screening, baseline, and reassessment visits, the 31-day NHS cancer waiting-time target actually allowed only 23 days for HIIT. In a recent systematic review, 41 only one study applied an (non-HIIT)
exercise intervention for pre-operative CRC patients within this time frame, 11 and while they saw improvements in respiratory muscle endurance, in agreement with our findings they did not see evidence of improvements in CRF. Although previous HIIT studies using our exact protocol in healthy older volunteers did report improvements in CRF within a 31-day window, 20 all of the healthy volunteers were able to complete a total of 12 HIIT sessions at a frequency of three sessions each week and as such the possibility of being able to improve the CRF of our patients, had we been able to train each patient for the full 31-days, must be considered. However, our aim was to test the feasibility and effectiveness of this HIIT protocol in a real-world, target-constrained clinical environment, and this meant that the time available for pre-operative exercise was curtailed. Outside the UK, these time constraints are not globally applied and it would therefore be interesting to see whether improvements in CRF in this patient group are possible over longer time frames using this HIIT protocol. It may also be that our particular HIIT protocol was not optimal to improve CRF in the short time frame that was available to us. Other HIIT studies have shown improvements in CRF in short time frames, albeit in younger individuals 42 and using protocols that, to our knowledge, have not been assessed for feasibility or efficacy in older adults or specific disease cohorts. Further work should be undertaken to explore exercise modality, training intensity, interval length, and session frequency to try and determine an optimal HIIT protocol to improve the CRF of pre-operative patients in the short time frame available.
Debate is ongoing as to whether cancer treatment pathways should be altered to allow prehabilitation regimes to be more effective. 43 Possibilities for this include introducing prehabilitation earlier in the patient journey (eg, at time of referral for investigation of symptoms) or delaying surgery to allow longer for prehabilitation. This first option would have significant resource implications in that large numbers of patients would begin exercise training, the majority of whom would have normal results of their investigations and as such no longer need prehabilitation. The counterargument to the second option is that delays will adversely affect cancer outcomes and surgery should occur at the earliest possible opportunity. 43 This is despite 31-day targets being arbitrary, with no evidence to suggest that delaying surgery by a short time leads to worse oncological outcomes. In summary, HIIT remains a promising intervention for producing rapid improvements in fitness in numerous clinical cohorts, 15, 16, 44 but our particular study protocol did not demonstrate an improvement in CRF in CRC patients within the current surgery target times in the UK. A major strength of this study is its real-world setting and pragmatism. Research studies are often criticized for their lack of generalizability, 45 but this study was performed entirely in line with the clinical time frames and treatment pathways in the NHS with limited exclusion criteria. In addition, although this study included a relatively small number of patients, the study was adequately powered using data from studies in a group age-matched to CRC patients. A weakness of this study is the cohort design with no control arm. It is possible that although we did not show an improvement in CRF after HIIT, we may have attenuated declines that would have occurred during this period without HIIT. However, declines in fitness have not been seen in the control groups of other prehabilitation studies. 10, 21 Furthermore, the ethics of non-exercise control groups has been questioned when there is a wealth of supportive evidence in favor of physical activity and improved perioperative outcomes. 46 In addition, this study was designed to test the feasibility and effectiveness of our HIIT intervention in a specific patient group, endpoints which were wholly achievable without a control group.
| PERSPECTIVE
Our 5 × 1-minute HIIT prehabilitation regime is not effective for improving CRF before CRC surgery within the realworld confines of UK cancer surgery target times. Given the time efficiency of HIIT sessions and the rapidity of HIIT-induced adaptations in other cohorts out with CRC, it seems unlikely that alternative exercise modalities will prove more effective within these constraints, but other HIIT protocols warrant further investigation. The strong evidence of improved post-operative outcomes with improved pre-operative CRF raises the question of whether cancer target times (for treatment) should accommodate pre-operative exercise programs to potentially facilitate improvements in CRF before surgery. Additionally, public health efforts to improve the fitness of those individuals most likely to develop cancer need to be developed. Of note, a number of individual patients do demonstrate significant improvements in CRF in the limited time available in the UK; with future research, it may become possible to identify those who are likely to respond to surgical exercise prehabilitation.
